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Abstract
The wide distribution and dominance of invasive inbreeding species in many forest
ecosystems seems paradoxical in face of their limited genetic variation. Successful
establishment of invasive species in new areas is nevertheless facilitated by clonal
reproduction: parthenogenesis, regular self-fertilization, and regular inbreeding.
The success of clonal lineages in variable environments has been explained by two
models,thefrozennichevariation(FNV)modelandthegeneral-purposegenotype
(GPG) model. We tested these models on a widely distributed forest pest that
has been recently established in Costa Rica—the sibling-mating ambrosia beetle
Xylosandrus morigerus. Two deeply diverged mitochondrial haplotypes coexist at
multiple sites in Costa Rica. We ﬁnd that these two haplotypes do not differ in their
associations with ecological factors. Overall the two haplotypes showed complete
overlap in their resource utilization; both genotypes have broad niches, supporting
the GPG model. Thus, probable or not, our ﬁndings suggest that X. morigerus
is a true ecological generalist. Clonal aspects of reproduction coupled with broad
nichesaredoubtlessimportantfactorsinthesuccessfulcolonizationofnewhabitats
in distant regions.
Introduction
Few organisms regularly succeed at colonizing and establish-
ing new populations in distant regions. In plants and small
invertebrates,themodeofreproductionplaysacrucialrolein
colonization and extreme inbreeding is a common feature of
successfultaxa.Plantsinperipheral,isolated,andislandhabi-
tats are commonly characterized by self-compatible mating
systems (Baker 1955; Herlihy and Eckert 2005). Indeed, the
transition from outcrossing to selﬁng is one of the common-
estevolutionarytrendsinplants(Stebbins1974),presumably
duetotheadvantagesofreproductiveassurance(Herlihyand
Eckert 2002). Similarly, regular sib-mating, oedipal mating,
and parthenogenesis are overrepresented among successfully
colonizing species of small invertebrates (e.g., Simberloff
1986; Adamson and Ludwig 1993; Haack 2001). The rea-
son why these alternative mating systems are advantageous
for colonization is clear: sibling mating before dispersal, or
mother–son mating, selﬁng, or parthenogenesisafterdisper-
sal,eliminatethemanydifﬁcultiesassociatedwithmateﬁnd-
ing in animals and with pollination in monoecious plants.
Colonizing species with a previous history of inbreeding,
andapomicticspecies,haveafurtheradvantageoverobligate
outbreeders: they suffer little or no inbreeding depression as
a result of (previous) purging of deleterious recessive alleles
(Husband and Schemske 1996; Haag and Ebert 2004; Peer
and Taborsky 2005).
Inveterate inbreeding should quickly result in largely ho-
mozygous genotypes that reproduce as quasi-clonal family
lineages (with the exception of polyploid selﬁng plants, e.g.,
Brochman et al. 2004). Advantageous multilocus genotypes
willbefaithfullyreproducedfromonegenerationtothenext,
maintaining favored coadapted gene complexes. At the same
time, background selection, selective sweeps, genetic drift,
and repeated colonizations and extinctions will all reduce
within-populationvariation(Hartl1971;Nur1971;Selander
and Hudson 1976; Charlesworth 2003), leading to homoge-
neousorgeneticallydepauperatesmallpopulations.Parallels
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can therefore be drawn between inbreeding and partheno-
genetic reproduction (Lynch 1984; Hamilton 1983; Peer and
Taborsky 2005), and regular inbreeding can be considered a
form of clonal (technically, pseudoclonal) reproduction.
Lowlevelsofwithin-andbetween-individualgeneticvari-
ability should restrict the ability of dispersing inbreeders to
adapt to new conditions encountered after dispersing to new
sites (White 1973; Lee 2002), but inbreeding plants and an-
imals are often good long-distance colonizers and many are
widely, even globally, distributed. Contributing to their col-
onizing success is the fact that regularly inbreeding plants
and animals have relatively broad niches and large ranges
(Baker 1955; Kirkendall 1993; Zangerl and Bazzaz 1984;
Randleetal.2009;butseeLoxdaleetal.2011).Twohypothe-
ses have emerged in recent years that treat the evolution of
niche breadth in clonally reproducing organisms. Though
originally developed in the context of competition between
sexual and asexual populations, they are equally applicable
to understanding the ecology and evolutionary stability of
regular inbreeding. The two theories differ in the ecologi-
cal niche breadth of asexuals, though the approaches are not
mutuallyexclusive;bothcanbeappliedtounderstandingge-
ographic distribution patterns (including, by extension, col-
onizing success) of clonally reproducing forms (Vrijenhoek
and Parker 2009). The frozen niche variation model (FNV:
Vrijenhoek1979,1984,1998)positsthatindividualclonesare
relatively narrowly adapted and that, after interclonal com-
petition, different clones occupy different ecological niches.
Thismodelsupposesthatmultipleasexualcloneshavearisen
from sexuals, each “freezing” a portion of the overall eco-
logical niche space of the ancestral sexual population. The
model was developed initially to explain the maintenance of
sex in populations invaded by multiple clones, but is also
a model for clonal coexistence. The general-purpose geno-
type model (GPG; Baker 1965) treats clones as ecological
generalists. This assumption has a long pedigree: for over 70
years, ecologists have observed that the colonizing success
of parthenogenetic or self-fertilizing species is regularly as-
sociated with genotypes with exceptionally broad ecological
tolerances(e.g.,Vandel1928;Baker1965;White1973,Jaenike
et al. 1980; Lynch 1984; Vrijenhoek and Parker 2009; but see
Loxdaleetal.2011).Thebroadecologicalnichesofgeneralist
clonesincreasetheprobabilitythataspeciescaninvadeanew
region,andthisisbelievedtobeoneofthemainreasonsthat
parthenogenetic species are such successful invaders (Baker
1965; Parker et al. 1977). The GPG model predicts that over
time in a heterogeneous environment, clones with the low-
est geometric mean ﬁtness will go extinct leaving only the
more successful broadly generalized genotypes with higher
geometric mean ﬁtness (Weeks and Hoffmann 1998).
Although consistent close inbreeding is said to be rare
in nature (Ralls et al. 1986; Thornhill 1993), this reﬂects a
view biased toward vertebrates; regular inbreeding occurs in
a wide variety of invertebrate groups (Ghiselin 1969; Jarne
and Charlesworth 1993; Wrensch and Ebbert 1993). Regu-
lar inbreeding has been particularly successful both ecologi-
cally and in an evolutionary context in the weevil subfamily
Scolytinae (bark beetles), with about 1500 species resulting
from at least eight different origins of brother–sister mating
(Kirkendall 1993; Farrell et al. 2001). About one-fourth of
all species of Scolytinae are inbreeders; roughly half of all
tropical species, and four of ﬁve species on tropical islands,
inbreed (Kirkendall 1993; Jordal et al. 2001). Many of these
species are widely distributed and abundant; host specializa-
tion is the exception rather than the rule, as most species
have been collected from multiple plant families (Wood and
Bright1992).Inthelargestcladeofregularlyinbreedingbee-
tles (Xyleborini and Coccotrypes), all species reproduce by
brother–sister mating and are haplodiploid (Normark et al.
1999).
Does the striking success of globally distributed inbreed-
ing Scolytinae species result from generalist genotypes, or do
populations of these beetles comprise a variety of genotypes
specialized to hosts, host tissue, or other key niche variables?
Asaﬁrstattemptataddressingthiskeyquestion,wetesthere
thesetwohypothesesinoneofthemostubiquitousandabun-
dant inbreeding species of Scolytinae, Xylosandrus morigerus
(Blandford). This tiny wood-boring beetle is native to the
tropical regions of the Indian subcontinent, Southeast Asia,
and Papua New Guinea, but has recently become established
in all tropical regions of the world, including many isolated
oceanic islands (Anonymous 1971; Jordal et al. 2001 ).
Three important features of X. morigerus and its rela-
tives facilitate the successful establishment of new demes
(Kirkendall and Ødegaard 2007). First, mating normally oc-
curs between siblings and before dispersal, which assures
successful insemination of most dispersing females. Second,
being haplodiploid, females that are not inseminated by a
brother before leaving the nest can potentially mate with a
haploid son produced from unfertilized eggs (Herfs 1959;
Norris 1992; but see Biedermann 2010). A single female is
therefore sufﬁcient to start a new population distant to its
area of origin. A third contributing factor is the extremely
broad range of host plants that these beetles can utilize for
breedingandfeeding(Beaver2005),facilitatedbyatightsym-
biosis with ambrosia fungi. Xylosandrus species are mainly
associated with one or several species of Ambrosiella fungi
and occasionally other imperfect ascomycete fungi (Batra
1966). Fungal spores are borne in a highly specialized and
invaginated,glandularcuticularstructureinthemesonotum
(mycangium) and inoculated into the wood via the tunnel
wall. The ambrosia fungi can grow in a taxonomically broad
rangeofhosttrees,andinawidevarietyofhostplanttissues,
including wood or pith of small branches, twigs, and woody
leafstalks (Kalshoven 1958, 1961, 1963; Browne 1961; Beaver
1976); given its catholic habits, X. morigerus can readily
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colonizeatropicallandscapewithaspeciescompositionquite
different from that of the beetles’ source population.
The earliest Neotropical records of X. morigerus are from
Brazil in 1940 (Beaver 2005) and Colombia in 1959 (Wood
2007). The species is now widespread and abundant in the
region suggesting a rapid, recent geographical expansion,
though perhaps coupled with multiple new introductions.
Preliminary DNA sequencing of 28 Costa Rican specimens
revealed only two, highly divergent cytochrome oxidase I
(COI) haplotypes. The two COI lineages co-occur in many
localitiesinCostaRica,whereX.morigerusisamongthemost
abundantscolytinespeciesinwetlowlandforests(Woodetal.
1991; Kirkendall, unpubl. data). This situation provides an
interesting test of competing hypotheses of niche breadth for
explaining the successful establishment of inbreeding am-
brosiabeetles:istherecentcolonizingsuccessoftheneotrop-
ics by X. morigerus due to general purpose genotypes, or to a
m i x t u r eo fw e l l - a d a p t e dm o r es p e c i a l i z e do n e s ?
Our GPG-based hypothesis was that there would be no
association between genotype and our environmental vari-
ables.Inthiscase,weshouldobservesimilarﬁtnessforthetwo
divergent genotypes when in the same resource. The alterna-
tive, FNV-based hypothesis was that genotypes would prove
to be ecologically different (more specialized), with different
resource preferences and unequal ﬁtness when occurring in
the same resource. In an attempt to detect genotype-speciﬁc
resource specialization, we measured reproductive success of
the two haplotypes in very different resource units, fallen
Castilla branches and fallen Cecropia leaves, in differing tis-
sues (pith vs. cortex or bark), and in different microhabitats
(resource unit hanging, partially suspended, completely on
the ground).
We are assuming that differences among females in host-
choicebehaviororinhost-orhosttissue-relatedﬁtnesswould
reﬂect underlying genetic differences. In effect, we are using
a fragment of COI, a mitochondrial gene, as a marker for
the genome as a whole. We are assuming, then, that genomes
with COI sequences that are highly divergent will also differ
in nuclear genes such as those that affect behavior and ecol-
ogy.LinkagebetweenCOIandnucleargenesisexpectedtobe
stronginregularlyinbreedingspecies,asaresultoflong-term
inbreeding with no or very little outcrossing (Charlesworth
2003).Witheachgenerationofsib-mating,homozygosityin-
creases and hence recombination is reduced (Narain 1966).
The expected and observed result of this effect plus the ef-
fects of selective sweeps, background selection, and genetic
bottlenecks is that genetic diversity within populations is
severely reduced in inbreeders, at the same time that protein
evolution is accelerated, and thus coexisting inbred lineages
are expected to become highly divergent (Charlesworth and
Wright 2001; Graustein et al. 2002; Charlesworth 2003). As
a ﬁrst attempt at checking if such linkage does occur in X.
morigerus, we tested for a signiﬁcant association between
t h em i t o c h o n d r i a lC O Ig e n ea n dt h et w on u c l e a rl o c ic a r -
bamoyl phosphate synthetase 2 aspartate transcarbamylase
dihydroorotase (CAD) and 28S.
WereporthereahighdivergenceinCostaRicanmtDNAse-
quences for X. morigerus—nearly 10%. Loxdale et al. (2011),
in a recent, provocative paper, claim that insects tradition-
ally considered to be ecological generalists frequently turn
out to harbor cryptic species, going as far as to label ecolog-
ical generalism “improbable.” We therefore carefully studied
the collected material for morphological differences, and we
applied the nuclear DNA results to assess this possibility.
Materials and Methods
Sample collection
Data were collected at La Selva Biological Station (10◦26 N,
83◦59 W) in Costa Rica between 20 June and 11 July 2006.
We collected beetles from fallen branches of the Panamanian
rubber tree Castilla elastica (Moraceae) and from petioles of
fallen leaves of Cecropia (Urticaceae). These were by far the
most abundant resource units for X. morigerus at La Selva,
which species has otherwise been collected from a wide vari-
etyofbranches,vines,fallenleaves,andfallenfabaceouspods
at the reserve and elsewhere in the country (L. R. Kirkendall,
unpubl. data). Castilla branches and Cecropia leaves fall year
round and are readily available throughout the forests of
La Selva. These trees are native to the Neotropics and very
common in disturbed forest patches such as tree falls and
riverbanks.
Atotalof257colonizedbranchesandleaveswerecollected
anddissected.Ecologicaldatarecordedincludedhostspecies,
plant tissue, forest type, temperature and moisture content,
the position of the fallen resource relative to the ground,
and light exposure. During dissection of the branches and
leafstalks, we recorded the presence or absence of ambrosia
fungi, indicative of successfully established nests, and the
combined number of adults, pupae, larvae, and eggs, as a
quantitative measure of reproductive success.
The surface temperature of each resource unit (branch or
leaf) was recorded to the nearest whole-degree ◦Cu s i n ga n
infraredthermometer(Fluke62MiniInfraredThermometer
Gun: Fluke, Everett, WA, USA). Moisture content was mea-
sured in the ﬁeld using a timber moisture meter (Pin-type
modelMT909:Electrophysics,Dutton,Ontario,Canada).To
controlformeterinaccuracy,wedriedthesamebranchesand
leafstalksfor1–2daysat60◦Cuntilthedifferencebetweenthe
last weightings was <1%. The moisture percentage was then
calculated using initial weight and oven-dried weight loss
(M = ((Wwet –W dry)/Wwet) × 100). We used three cate-
gories for the light conditions experienced by each branch
or leaf: fully shaded (>2/3 shade), partly shade (>1/3 shade,
<2/3), and full light (<1 / 3s h a d e ) .T h ed e g r e eo fs h a d ew a s
determined visually by estimating the amount of sunlight
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reachingthegroundattheareacontainingthebranchorleaf-
stalk. The position relative to the ground was also noted and
divided into three categories: hanging from vegetation, with
no contact with the soil or leaf litter; partly on the ground,
partly suspended; full contact with the ground, where min-
imum two-thirds of the resource unit was in direct contact
withthesoilorleaflitter.ForC.elastica, there were no exam-
ples of hanging branches, because these branches are heavier
and rarely trapped by understory vegetation.
Assignment of COI haplotypes
DNA extraction was performed in 150 μl InstaGeneTM
Matrix (Bio Rad Laboratories, Hercules, CA, USA) using tis-
sues from whole individuals. Only one specimen per family
groupwasincluded.A1299basepairlongfragmentofthemi-
tochondrial gene COI and the 5  end of the tRNAleu was am-
pliﬁedbythepolymerasechainreaction(PCR)usingprimers
S1718, (5 -GGA GGA TTT GGA AAT TGA TTA GTT CC-
3 ) and A3018, (5 -TCC AAT GCA CTA ATC TGC CAT ATT
A-3 )(Simonetal.1994).ThePCRreactioncontained14.3μl
ddH2O, 2.5 μl1 0 × PCR Reaction Buffer II, 2.0 μlM g C l 2
(25mM),2.0μldNTPs,0.2μlAmpliTaq R   DNAPolymerase
(Applied BioSystems, Foster City, CA, USA), 1.0 μle a c hf o r -
ward and reverse primer (10 μM), and 2.0 μlo fD N A ,f o ra
total of 25 μl mixture. Ampliﬁcation cycles consisted of one
initial denaturation step at 94◦Cf o r2m i n ,f o l l o w e db y3 5
cycles of denaturation for 30 s, annealing at 50◦Cf o r1m i n ,
and primer extension at 72◦C for 1 min. A ﬁnal extension
step included 7 min at 72◦C. PCR products were puriﬁed
by digesting excess nucleotides by EXOSAP-IT R   (USB). We
sequenced 47 PCR products in both directions using stan-
dard cycling conditions (Applied BioSystems, Foster City,
CA, USA).
Only two haplotypes had been detected from Costa Rica
(see Fig. 1), both conﬁrmed for the La Selva study area by
sequencing the current PCR products, and here designated
CR I (N = 16) and CR II (N = 3 1 ) .W i t ha sm u c ha s9 . 1 %
divergence at the nucleotide level, we could readily develop
a PCR-RFLP (Restriction Fragment Length Polymorphism)
protocol that discriminated between the two haplotypes. Us-
ing SequencherTM 4.5 to ﬁnd cutting sites, we chose the re-
strictionendonucleaseNlaIV(=BspLI).NlaIVcutsCRIat
twoseparatesites,between417and418andbetween686and
687, resulting in three bands with base pair lengths of 269,
417,and521.Theotherhaplotype,CRIIwascutatonesiteby
NlaIV,between592and593,resultingintwobandswithbase
pair lengths of 592 and 690. The enzyme mixture consisted
of 0.1 μl 10mg/mL BSA (Bovine Serum Albumin), 9.0 μl
2× NEB 4 reaction buffer (New England BioLabs R   Inc., Ip-
switch, MA, USA), 1.0 μl Nla IV (New England BioLabs R  
Inc.,Ipswitch,MA,USA),and10.0μlPCRproducttoatotal
of 20.0 μl mixture digested in 37◦C for a minimum of 1 h.
Cut products were visualized on a 1.5% agarose gel.
Figure 1. Phylogeny of Xylosandrus morigerus populations based on
maximum parsimony analysis of COI sequences done in PAUP (hs,
addseq = random, nrep = 200). The topology was rooted with X. cur-
tulus and X. crassiusculus. Number of identical haplotypes is given, for
cases with shared haplotypes. Localities in western Costa Rica include
Golﬁto and San Vito, Puntarenas province; in eastern Costa Rica, all sam-
ples are from La Selva Biological Research Station, near Puerto Viejo de
Sarapiqu´ ı (Heredia province).
Two nuclear genes were sequenced to conﬁrm the species
status of the two deeply diverged mitochondrial haplotype,
and to test for a signiﬁcant association between mitochon-
drial nuclear loci. Ten specimens—ﬁve specimens of each
COI haplotype—were ampliﬁed for fragments of the large
ribosomal subunit 28S using the primers S3690 and A4394
and of CAD using the primers CADfor4 and CADrev1mod
(seeJordaletal.2011).PCRcyclingconditionsfollowedthose
for COI, with annealing temperature 55◦C for 28S. DNA se-
quencesaredepositedinGenBankunderthefollowingacces-
sion numbers JN982488-JN982498 (COI), JN982499 (28S),
and JN982486-JN982487 (CAD).
Morphology
GiventhelargedivergenceatCOI(almost10%),itbehovedus
toexaminethetwohaplotypesformorphologicaldifferences
that could indicate the existence of cryptic species. Three of
us (BJ, MK, and LRK) independently examined females of
knownhaplotype,takenfromdifferentfamiliesanddifferent
localities.
Statistical methods
All statistical analyses were executed in the software pack-
ages R Gui 2.4.1 and Microsoft Excel (2007 Professional). A
Generalized linear model (GLM) was designed for linear re-
gression analyses using forward selection on AIC (Akaikes’s
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Information Criterion = –2 × log – likelihood + 2p,w h e r e
p is the number of parameters) to determine the ecological
variables (host type, breeding tissue, diameter, ground posi-
tion, shade, and moisture) possibly affecting the two haplo-
types.Totestforthebestﬁtofmodels,ananalysisofvariance
(ANOVA) with a χ2 test was used in conjunction with the
binomial distribution used in the GLM. In addition, χ2 tests
(Pearson) on contingency tables were used to test for in-
teractions between haplotypes and ecological variables. The
contingency tables had a larger sample size than the model
duetothefactthatamodelrequiresadatasetwithoutmissing
values. We, furthermore, examined whether a certain haplo-
type was more successful in establishing a breeding chamber
and producing offspring using two different approaches. In
theﬁrstapproach,weﬁttedaGLMtothedatawiththebino-
mial response variable of brood present or absent (1/0). The
secondapproachusedbroodsizeastheresponsevariable,ex-
cluding failed or fresh chambers without any offspring. Due
tohighoverdispersioninthebroodsizedata,thedistribution
type was changed from Poisson to quasi-Poisson.
Results
Linkage to nuclear genome
Four individuals of each COI haplotype were successfully se-
quenced for COI, 28S, and CAD. For the 692-bp fragment
of COI, CR I and CR II differed by 9.5%. There was no in-
traspeciﬁcvariationin28S.TwoCADhaplotypeswerefound,
which differed by 1.1% (460 bp). There was complete con-
cordance between nuclear (CAD) and mitochondrial (COI)
DNA variation: CR I individuals had one CAD haplotype,
CRII had the other (Fisher’s exact test, P = 0.03).
One species or two?
Despite careful independent examination by three of us of
all external features known to differ between closely related
species of xyleborine ambrosia beetles, no consistent differ-
ences could be found between the two COI + CAD types.
The lack of variation at 28S also argues for there being only
one species in the material from Costa Rica: this gene does
vary among species of xyleborines, and typically varies little
or not at all within species (Dole et al. 2010).
Haplotype distribution
Inthe257CastillabranchesandCecropialeafstalksexamined,
785 families were found, with a maximum of 36 families
in a single branch. We succeeded in amplifying DNA from
representatives of 625 of the 785 families; 38% of families
were haplotype CR I and 62% haplotype CR II.
A General linear model (GLM) was ﬁtted to the ecological
variables host plant, host tissue, ground position, moisture,
shade, and host diameter, to test for association with each
Table 1. GLM assessing which ecological variables predict the distri-
bution of haplotypes (ANOVA, family = binomial, test = chi square).
P values with asterix (
∗
) in this and following tables are signiﬁcant at
<0.05.
Response Predictors P (>|chi|) Interaction P (>|chi|)
Haplotype +Host type 0.01
∗
Host type × 0.02
∗
Breeding tissue
+Breeding tissue 0.03
∗
Host type × 0.22
breeding tissue
× ground
position
+Ground position 0.07
+Shade 0.09
+Poly (Diameter, 2) 0.12
+Moisture 0.45
of the two haplotypes (Table 1). Host plant (Castilla branch
orCecropia leafstalk)andhosttissue(pith,cortex/bark)were
theonlytwovariableswithasigniﬁcanteffectonthedistribu-
tionofhaplotypes(P <0.01,0.03,N =441,rowscontaining
missing data removed). Both variables were signiﬁcant sepa-
rately, but the model containing their interaction explained
better the haplotype distribution.
To conﬁrm the results from the GLM, additional con-
tingency tables were analyzed using χ2 tests for each vari-
able. There was a signiﬁcant association between host plant
(Castilla branches or Cecropia leafstalks) and haplotype (χ2
test, P < 0.04). CR II was found more often in leafstalks than
in branches, while CR I showed no such preference (Fig. 2).
The overlap in host plant use was nevertheless considerable
and both haplotypes frequently co-occurred in the same re-
source unit (Fig. 3). There was, furthermore, a signiﬁcant
associationbetweenthehaplotypesandhosttissue(C=cor-
tex/bark, P = pith) used for breeding (χ2 test, P < 0.01),
mainly due to variation within leafstalks (χ2 test, P < 0.01,
N =359)butnotinbranches(P =0.65,N =244).CRIIwas
much more frequently collected from pith of leafstalks than
wasCRI(Fig.4).Theremainingvariableswerenotassociated
with haplotype, including “ground position” that was nearly
signiﬁcant in the GLM analysis (Table 1). However, because
host plant was a signiﬁcant variable in explaining haplotype
distribution, variation in ground position was further an-
alyzed for each host plant separately showing a signiﬁcant
difference between the two haplotypes for leafstalk position
(P < 0.01, N = 362) but not for branch position (P = 0.48,
N = 258). The difference observed for leafstalks was possi-
bly due to the higher frequencies of CR II in leafstalks with
ground contact (Fig. 5).
Variation in ﬁtness
The simplest GLM showed no signiﬁcant effect of haplotype
on the success of breeding (i.e., brood present or absent,
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Figure 2. Distribution of haplotypes CR I and
CR II with respect to the host plants Castilla
(Moraceae) and Cecropia (Urticaceae).
Figure 3. Distribution of haplotypes CR I and
CR II with respect to host plant tissue type
(cortex vs. pith) for the host plants Castilla and
Cecropia.
Figure 4. Distribution of haplotypes CR I
and CR II with respect to host plant and the
position of leafstalks and branches (air,
hanging on vegetation; part, in partial
contact with ground; ground, full contact
with ground).
ANOVA χ2 test, P = 0.72) (Table 2). Further modeling was
conducted to identify other variables that may have an effect
on reproductive success, resulting in a signiﬁcant associa-
tion between breeding chamber establishment and host type
(P < 0.01), and host diameter (P < 0.01).
The average brood size for successfully established fami-
lies was 7.1 (N = 381), ranging from 1 to a maximum of
32 (Table 3). Based on a GLM model ﬁtted to the same data
with total offspring as the response variable (quasi-Poisson),
haplotype had no signiﬁcant effect on brood size (Table 4:
ANOVA, test = F, P = 0.91). Three other factors had a sig-
niﬁcant impact on brood size: host type, P < 0.01; breeding
tissue, P < 0.02; and ground position, P < 0.02. Brood sizes
were on average higher in Castilla branches (pith) compared
toCecropia leafstalks(cortextissue),respectively,andslightly
higher in host material on the ground (data not shown). The
highest brood sizes were furthermore found in branches and
leafstalks with medium to largest diameter, particularly so
for Castilla branches (Fig. 6), and in breeding tissue with
60–85% moisture (Fig. 7).
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Figure 5. Coexistence of reproducing females with haplotypes CR I or
CR II. Bias index varies from +1, all individuals with haplotype COI, to
−1, all with COII.
Table 2. GLM assessing which ecological variables predict if females
successfully establish broods (ANOVA, family = binomial, test = chi
square)
Response Predictors P (>|Chi|)
If offspring Haplotype 0.72
+Host type 0.01
∗
+ Breeding tissue 0.16
+ Ground position 0.45
+Poly (Diameter, 2) 0.01
∗
+Moisture 0.80
+Shade 0.08
Table 3. Average brood size produced by females with different hap-
lotypes in different host plants.
Host Castilla Cecropia
Haplotype CR I CR II CR I CR II
Average 7.80 8.47 6.31 6.24
Max 32 29 28 20
Sample size n = 44 n = 71 n = 68 n = 112
Discussion
The GPG and successful invasions
The similarly broad resource usage and considerable over-
lap in ecological parameters between highly differentiated
genetic lineages clearly demonstrated that individuals of X.
morigerus are truly generalists, corresponding to the GPG
model. Although we did ﬁnd a small, but signiﬁcant, bias in
the distribution of CR II haplotypes with respect to breeding
tissue (pith vs. cortex) in Cecropia, the overall pattern for the
two haplotypes combined revealed very little differentiation
in ecological preferences. This is perhaps best illustrated by
theco-occurrenceofbothhaplotypesin64ofthose101cases
where multiple colonization’s occurred in the same resource
unit. The relatively higher occurrence of CR II in Cecropia
might indicate a slight degree of ecological differentiation
Table 4. GLM assessing the effect of ecological variables on brood size
(ANOVA, family = quasi-Poisson, test = F).
Response Predictors Pr (>F)
Total Offspring Haplotype 0.91
+Host type 0.00
∗
+Ground position 0.01
∗
+Breeding tissue 0.01
∗
+Poly (Diameter, 2) 0.08
+Shade 0.79
+Moisture 0.88
Figure 6. Distribution of brood size with respect to host-plant diameter
for Castilla (above) and Cecropia (below).
between haplotypes. However, any selective advantage of the
higher breeding frequency in Cecropia by CR II is counter-
balanced by lower brood production in this host plant and
crypticspecializationaspredictedbytheFNVmodelisthere-
fore quite unlikely.
GPGswereoriginallyproposedtoexplainthesuccessofin-
vasive weedy plants that show broad adaptations to different
growth conditions (Baker 1965). Recent studies of a variety
of organisms have found low to nonexistent differentiation
among clones along ecological gradients (e.g., Selander and
Hudson1976;Jaenikeetal.1980;Jensenetal.2002;VanDyke
etal.2004),aswefoundwiththeminimaldifferencesbetween
the two X. morigerus “pseudoclones” in this study. The GPG
model relates the invasive success of clonal species to their
broad tolerance of environmental variation, which makes
them less vulnerable to novel environments in new areas de-
spite a lack of genetic variation. This makes intuitive sense;
a successful invasive species will have a higher probability to
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Figure 7. Distribution of brood size with respect to host-plant moisture
content.
ﬁnd a suitable ecological niche if it is a broad-spectrum gen-
eralist(e.g.,Baker1965,Parkeretal.1977).Onceasuccessful
generalist haplotype has become established in a region, it is
likely that it will remain so for a long time.
Is genetic variation important?
The presence of only two different haplotypes throughout
Costa Rica and Panama for the recently established, but yet
highly abundant X. morigerus, demonstrates how popula-
tions with low to nonexistentgenetic variationare capableof
coping with a range of environmental variables and growing
to an enormous population size. Under this scenario it ap-
pearsthatgeneticvariationisnotacriticalfactor,perhapsasa
resultofGPGsinthesebeetles.Althoughgeneticvariationper
se could be underestimated by using a single mitochondrial
marker, the genetic variation at nuclear and mitochondrial
genes has been shown to be similar in regularly inbreeding
species because recombination is effectively absent in such
species (Birky et al. 1983; Graustein et al. 2002). It is there-
fore not expected to ﬁnd ﬁnely divided genetic variation at
mostnucleargenesininbreedingspeciessuchasX.morigerus,
where outbreeding is extremely rare.
We have mentioned that GPGs allow considerable plastic-
ity in ecological parameters at the individual level as one way
to cope with environmental variation. However, there are
other means for maintaining or recreating also genetically
founded variability, mainly through the mixing of genotypes
bylong-distanceimmigration.InthecaseofX.morigerus,two
independentcolonizationsofCostaRicahastakenplacedur-
ingthelastfewdecenniaandclearlyshowsthatlong-distance
migration is sufﬁciently frequent and thus a likely factor in
maintaininglocalgeneticvariation.Itisofcoursenotcertain
thatbothoranyofthesegeneticlineageswillsurviveinCosta
Ricainthelongrun,butourecologicaldataonhost-plantas-
sociations do not indicate that selection is sufﬁciently strong
to exclude one of these pseudoclones. Although the GPG
model predicts that a population will become monoclonal
after periods of interclonal competition (Parker 1979; Lynch
1984; Vrijenhoek and Pfeiler 1997), multiple clones may co-
exist over longer time scales if ﬁtness varies over time (e.g.,
Jaenike et al. 1980; Lynch 1984; Weeks and Hoffman 1998).
This aspect of nonequilibrium theory was originally pro-
posed to explain coexistence of species with identical niches,
but can be extrapolated to account for clones (see e.g., Ches-
son 1986). To enable a more deﬁnite answer to the question
about survival of coexisting genetic lineages, measurements
ofpseudocloneperformancewouldhavetobemeasuredover
a much longer time than was available for our study.
Resource quality of the hosts
The average brood size was well below 10 in both Castilla
branchesandCecropialeafstalks,whichislowerthanreported
from someotherhostspecies.Broodsize datathereforeindi-
catethatbranchesandleafstalksofourstudyplantsarepoorer
habitats than many native Asian host plants (Kalshoven
1961). The maximum brood size measured in our study
(32) is nevertheless not very much lower than the highest
reported from other hosts such as Coffea robusta (maximum
brood size of 70: Kalshoven 1961), and Beaver (1976) re-
ported an unusually low mean mature brood size of 6 (N >
100 broods) for this species taken from a variety of hosts on
Samoa. Specialist bark beetles in Cecropia leafstalks (such as
speciesofScolytodes)donotproduceanylargerbroodsinthis
host material (see Jordal and Kirkendall 1998). We also note
that growth conditions for the ambrosia fungi on which they
feed are sufﬁcient for successful brood production. Moisture
content in the host material is an essential factor for suc-
cessful breeding in ambrosia beetles, which is likely coupled
with speciﬁc growth requirements of their symbiotic fungi
(Nobuchi 1972). Typical values for ambrosia beetles average
around 60–85%, as typically measured in successfully breed-
ing X. morigerus (Fig. 6).
Are lineages clone-like?
That X. morigerus lineages are effectively clonal remains to
be rigorously tested, though it is at least supported by our
preliminarylinkageresults.Futurestudieswillfocusonmea-
suring outbreeding rates in this and similar inbreeding bark
beetle species. The few studies that have quantiﬁed inbreed-
ing in sib-mating scolytines have reported extremely high
values for FIS (the inbreeding coefﬁcient), values ranging
from 0.5–0.9 (Holzman et al. 2009; Gauthier 2010). Though
direct data are lacking for X. morigerus,av a r i e t yo fi n -
dications suggest that mating between females and unre-
lated males (exogamy) is rare. We have not observed males
of X. morigerus outside their galleries, during this study or
other ﬁeld work, and in this study only one case of merging
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gallerieswasobservedamongthe783galleriesdissected.Nei-
ther has evidence of outbreeding been reported previously
for this species (e.g., Speyer 1923; Kalshoven 1958, 1961,
1963; Browne 1961; Wood 1982; Wood and Bright 1992),
though wandering males have been observed for the re-
lated temperate species X. germanus that, it should be noted,
breeds in rather dense colonies on tree trunks (Peer and
Taborsky 2004). More generally, X. morigerus typiﬁes the ex-
treme inbreeding syndrome described in W. D. Hamilton’s
(1967) landmark paper “Extraordinary sex ratios.” As de-
scribedformanyspecieswhereoutbreedingisrare,malesare
dwarfed, ﬂightless, blind or nearly so, and rare in number—
characteristics which are only adaptive when males seldom
compete with nonbrothers for matings. In X. morigerus and
related species, mothers usually produce just one male, the
minimum necessary for fertilizing all their daughters (Kirk-
endall1993;thisstudy,unpubl.data).Finally,wewouldpoint
outthepossibilitythatlocalpopulationsofextremeinbreed-
ers will likely consist of one or a few lineages; a considerable
frequency of the few nonsibling matings, which occur, will
be between males and females of the same lineage. Taken to-
gether, then, the behavior and morphology of X. morigerus
and more general considerations suggest that lineages may
be reproducing clonally for long periods of time.
Conclusion
This study is the ﬁrst to examine the interaction between en-
vironment and genotypes in a highly inbred scolytine beetle.
In addition to providing insight into the underlying rea-
sons for success in inbred invasive species, studying a system
that can be thought of as pseudoclonal can contribute to the
long and still ongoing debate regarding the advantages of sex
andoutbreeding(e.g.,MaynardSmith1978;Bell1982;Lynch
1984;HurstandPeck1996;Vrijenhoek1998;Westetal.1999;
Lundmark and Saura 2006; Vrijenhoek and Parker 2009). A
generalist genotype combined with the ability to start a new
populationbasedonasinglefemaleprovidesapowerfulcom-
bination for successfully invading new areas, and we believe
thatthismusthaveplayedacentralfactorintherecentglobal
expansion of X. morigerus. Although inbreeding is predicted
to reduce genetic variation and hence the ability to adapt to
environmentalchanges,regularinbreedingdoesallowspecies
toﬁxfavorablyadaptedgenecomplexeswithintheclonalline
(Nur 1971; Lynch 1984; Crow 1988; Weider 1993). These fa-
vorable gene complexes will not be lost by recombination in
closely inbred lineages until outbreeding eventually occurs.
The potential for the development of adaptive ﬁxed coad-
apted gene complexes has been illustrated recently by the
demonstration of outbreeding depression in an introduced
X. germanus population (Peer and Taborsky 2005).
Loxdale et al. (2011) argue strongly that ecological gen-
eralism in insects is an “evolutionary improbability.” They
advocate strong skepticism about claims of generalism, cit-
ing numerous recent cases where “generalists” are found to
be complexes of more narrowly adapted cryptic species. The
X. morigerus in Costa Rica are clearly one species. We have
onlytestedtwoofmanygenotypesfoundworldwide,andfor
a limited range of resource variation: that these two seem to
be host generalists does not mean that all genotypes are. The
invasiveX.morigerus isperhapsthemostabundantambrosia
beetle in primary as well as secondary wet tropical forests of
Costa Rica: our ﬁndings, as limited as they are, give a clear
indicationthatanimportantcomponentofthissuccessisthe
presence of GPGs (Table 4).
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